measured under dc electric field of 25 kV/mm. Space charge distribution was measured at room temperature by the pulsed electroacoustic method.
Optical transparency first increases by the addition of MgO fillers up to 1 to 5 phr, and then it decreases. Thermal properties and morphology are insensitive to the filler addition, as far as those analyzable by XRD, FT-IR, and DSC are concerned. Figure 1 shows relative permittivity measured at 30 Hz as a function of temperature. The permittivity shows minimum at 1-phr addition, and it increases with a further increase in filler content. Figure 2 shows temperature dependence of the conductivity. The conductivity lowers by the filler addition up to 5 phr, but increases at 10 phr, at temperatures from 5 °C to 90 °C. Figure 3 shows total positive homocharge amount remaining in the bulk after short-circuit, that followed 10-min dc voltage application, as a function of time. It is the largest in the sample with 1-phr fillers. 
Member
This paper reports measurement results of instrumental analyses, permittivity, conduction current, and space charge distribution profiles observed in low-density polyethylene/MgO nanocomposites with various filler contents, done with the intention to clarify the filler-content dependence of dielectric properties. The permittivity shows the lowest value in the sample with 1-phr fillers and then increases monotonically with an increase in filler content. The conductivity measured under dc electric field lowers by the filler addition up to 5 phr at temperatures from 5 to 90 ○ C. In all the samples, positive homocharge is formed in the vicinity of the anode, and its amount is largest at 1 phr. The most adequate filler content for the electrical insulation purpose is around 1 to 5 phr.
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Introduction
Polymer nanocomposites (NCs), in which only a small quantity of nm-sized inorganic fillers are dispersed, have been attracting much attention as new engineering plastic materials since various mechanical and thermal properties are improved (1) . Recently, NCs are gaining new attraction as insulating materials, since their superior dielectric properties are being recognized (1) - (4) . In the present paper, basic dielectric properties of NCs of low-density polyethylene (LDPE) and magnesium oxide (MgO) nano-fillers with various filler contents are examined.
Experimental
The samples tested were LDPE/MgO NC sheets with a thickness of about 100 µm, which contain 1, 5, and 10 phr (parts per hundred parts of resin by weight) MgO particles with average and max diameters of 50 and 200 nm, respectively (5) . As a reference, LDPE without MgO particles was also used. They are called PE-0, PE-1, PE-5 and PE-10, according to their particle contents.
Instrumental analyses were carried out by ultraviolet-visible absorption spectroscopy (UVA), differential scanning calorimetry (DSC), X-ray diffraction (XRD) spectroscopy, and Fourier-transform infrared absorption (FT-IR) spectroscopy. Permittivity was measured at temperatures from 20 to 100 °C for frequencies from 30 to 10 5 Hz using the samples with an upper and a lower evaporated circular Au electrode 25 mm in the effective diameter. Conduction current was measured using the samples with an upper and a lower evaporated circular Au electrode 20 mm in the effective diameter. Space charge distribution was measured at room temperature for the samples sandwiched between an Al electrode and a semiconductive (SC) polymer electrode by the pulsed electroacoustic method with an acoustic sensor attached to the Al electrode. Figure 1 shows the UVA spectra. The unfilled sample PE-0 shows relatively large absorption. Compared to PE-0, PE-1 is more transparent. However, the samples with higher filler contents PE-5 and PE-10 become less transparent.
Results and Discussion

Instrumental Analyses
This result is consistent with observation by eyes. Namely, PE-1 looks clearest, while PE-10 is the haziest with milky white in color. The reason why PE-0 is translucent seems likely that light scattering occurs at the interfaces between crystalline and amorphous regions. It is known that nanofillers in polymer act as nuclei for crystal formation (6) . Therefore, addition of well-dispersed fillers should make the crystal size smaller. If PE-1 has crystals smaller than the wavelengths of visible light, it becomes transparent. In the samples with higher quantities of fillers, PE-5 and PE-10, there is a possibility that the fillers act as light scattering centers. There is also another possibility that mixing of fillers was not sufficient enough to obtain optically uniform films in the cases of PE-5 and PE-10 due to their high contents of fillers. Whatever the reason is, the transparency becomes better first and worse later as the filler content increases. This tendency that a certain property is improved only by a proper addition of a small quantity of fillers seems important since a similar tendency is observed in other experimental results such as permittivity and conductivity, as will be discussed later. Figure 2 shows XRD spectra of the four samples. Note that all the spectra overlap with each other almost completely throughout the whole range. The peaks at 21.4 ° and 23.7 ° seen in all the samples are due to the (100) and (200) planes of LDPE respectively, while the one at 43.0 ° seen in PE-5 and PE-10 is due to the (200) plane of MgO. The appearance of the MgO peak in PE-5 and PE-10 is simply due to its high content of fillers. Therefore, no specific feature emerges by the addition of fillers. This is in contrast to polyamide nanocomposites in which a new crystalline peak appears (7) (8) . Likewise, no features appear by the filler addition both in FT-IR and DSC spectra as shown in Figs. 3 and 4, respectively. Note that subtle differences in magnitude of FT-IR or DSC spectra among the samples are not important, since they could be due to trivial reasons such as a difference in sample thickness. To summarize the results shown in Figs. 1 to 4, no apparent change is induced by the filler at least beyond the scale detectable by the present instrumental analyses, although the crystalline size seems to become smaller. Figure 5 shows the relative permittivity as a function of frequency measured at temperatures from 20 °C to 100 °C. Figure 6 shows the relative permittivity as a function of temperature measured at 30 Hz, replotted from Fig. 5 . As the sample temperature becomes higher, the permittivity lowers monotonically in all the samples. As for the filler-content dependence, PE-1 has smaller permittivity values than PE-0 as shown in Fig. 6 , although the difference is small. This result might appear doubtful, when the fact that the relative permittivity of MgO (=9.7 (9) ) is much higher than that of LDPE (=2.3) is taken into account. The permittivity then increases according to the order of filler content in PE-5 and PE-10. This trend is always the case regardless of the measurement frequency. A similar tendency was also confirmed by a different research group with different measurement apparatus (10) . Namely, the permittivity also showed the lowest at 1-phr addition and it increased with a further increase in the filler content for a similar set of four samples taken from a different lot measured by an LCR meter (10) . Therefore, it is reasonable to assume that the result shown in Fig.  6 is reliable. It has been reported for many NCs that permittivity is decreased by the addition of fillers despite a higher permittivity of the fillers (11) (12) . There is a possibility that the low permittivity is an indication of a good NC (13) . In this context, Fig. 6 indicates that PE-1 is the best NC. Figure 7 shows decay characteristics of the current in each sample after dc voltage application measured at 50 °C. The dc voltage applied was adjusted so that the electric field was 25 kV/mm for the samples with a thickness from 92 to 108 µm. The current magnitude is found to be PE-5 < PE-1 ≈ PE-10 < PE-0. In order to examine the temperature dependence in more detail, the current was measured according to the following procedures. First, dc electric field of 25 kV/mm was applied to the sample at 50 °C for 120 min. Since the current reached a stable steady-state conduction value, the sample temperature was lowered to 5 °C at a rate of 6 °C/min while the voltage remained on. Then, after the sample was held at 5 °C for 5 min, it was heated to 90 °C at a rate of 6 °C/min and held at that temperature for 10 min. Finally, the sample was cooled to 5 °C. Figure 8 (a) shows the conduction current behavior observed for PE-0 during the temperature increasing and decreasing periods. As can be seen, the current while the temperature is increasing is lower than that during the temperature decreasing. As shown in Fig. 6 , the permittivity decreases as the sample temperature increases. Namely, the sample capacitance changes during the temperature increasing and decreasing, which induces displacement current with the directions opposite and identical to the conduction current, respectively. Based on the results shown in Fig. 6 , the displacement current is calculated to be about 7 pA for all the samples. Figure 8 (b) shows the curves shifted by adding or subtracting 7 pA to those shown in Fig. 8 (a) . The two current curves in Fig. 8 (b) agree well with each other as long as they are above about 1 pA, the limit of reliable measurement.
Permittivity
Conductivity
After the current curves measured for all the samples were corrected by the above-mentioned method, their conductivity values were calculated and are shown in Fig. 9 . The order of the conductivity, PE-5 < PE-1 ≈ PE-10 < PE-0, has been confirmed again. This result indicates that the optimum filler content is around 1 to 5 phr. A similar tendency was already observed in the above-mentioned transparency and permittivity measurements. Namely, for these properties, the addition of a small quantity of fillers is optimum. Furthermore, similar decrease in conductivity by adding a proper quantity of nanofillers has been reported for various NCs such as polyimide and polyamide NCs (4) (8) . There is a possibility that molecular motion, which assists hopping-like carrier transport, is suppressed by a strong interaction at the matrix/filler interfaces. Note that lattice vibrations or phonons help charge carriers escape from traps by hopping, regardless of the carriers being electronic (i. e. electrons or holes) or ionic. Introduction of zigzag transport paths by the fillers could be a reason, but this would be almost ineffective for electrons. Figure 10 shows space charge distribution profiles measured for PE-1 right after, 3-min after, and 10-min after the initiation of voltage application when the anode was either SC or Al. The applied voltage was dc and was adjusted so that the average electric field became 25 kV/mm according to the sample thickness from about 88 to 120 µm. Plenty of positive homocharge is seen before the anode regardless of its material. Similar presence of positive homocharge has been frequently reported for LDPE (14) . The charge density with a triangular or trapezoidal distribution over a range from about -10 µm on the abscissa to about +15 µm consists not only of the charge on the anode induced by the voltage application, but also of the charge on the anode induced by the homocharge in the bulk. Since the induced charge has the polarity opposite to the homocharge, it reduces the total charge on the anode. By this reason, the charge amount observed on the anode is decreased as shown in Fig. 10 . Therefore, the amount of homocharge present in the bulk can be estimated by the total amount of the anode charge. Figure 11 shows change in the total anode charge by the voltage application time for all the samples in the case of the Al anode that was set near the acoustic sensor, since the charge distribution was recorded more clearly in this case than in the other case where the anode was remote from the sensor. It is clear from Fig. 11 that the homocharge formation is the most active in PE-1.
Space Charge Distribution
Space charge in a sample is generally more easily observed Figure 12 shows space charge distribution profiles observed in PE-1 right after it was short-circuited, following the 10-min application of dc voltage. Note that the abscissa representing the thickness is normalized, because the sample thickness was slightly different for the two profiles. In both cases of the SC and Al anodes, the presence of positive homocharge in the bulk and negative countercharge on both electrodes is clear. Figure 13 shows the change in the total amount of positive homocharge in 10 minutes after the short-circuit, observed for each sample with the Al anode. As clearly shown in Fig. 13 , the charge amount is in the order, PE-1 > PE-0 > PE-5 ≈ PE-10. The addition of 1-phr fillers shows again a unique characteristic.
Presence of homocharge in the vicinity of electrodes usually suppresses carrier injection from the electrodes, by reducing the electric field intensity. Therefore, there is a possibility that the abundance in homocharge in PE-1 is a reason of its low conductivity.
Conclusion
Instrumental analyses and measurements of dielectric properties were carried out for nanocomposites of low-density polyethylene and MgO. As a result, the following features have become clear.
(１) Optical transparency first increases by the addition of MgO fillers up to 1 to 5 phr, and then it decreases. Miniaturization of crystal sizes and light scattering induced by the filler addition seem to be responsible for the transparency increase and decrease, respectively.
(２) Thermal properties and morphology are insensitive to the filler addition, as far as those analyzable by XRD, FT-IR, and DSC are concerned.
(３) The permittivity shows minimum at 1-phr addition, and it increases with a further increase in filler content.
(４) The conductivity lowers by the filler addition up to 5 phr, but increases at 10 phr, in the temperature range from 5 °C to 90 °C.
(５) The amount of positive homocharge in the vicinity of the anode is the largest in the sample with 1-phr fillers.
(６) From the facts mentioned above, the addition of a small quantity of MgO fillers is very effective in decreasing the conductivity and permittivity. 
